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We address the issue of the second-order coherence of single surface plasmons launched by
a quantum source of light into extended gold films. The quantum source of light is made of a
scanning fluorescent nanodiamond hosting five nitrogen-vacancy (NV) color centers. By using
a specially designed microscopy that combines near-field optics with far-field leakage-radiation
microscopy in the Fourier space and adapted spatial filtering, we find that the quantum statistics
of the initial source of light is preserved after conversion to surface plasmons and propagation along
the polycrystalline gold film.
PACS numbers: 73.20.Mf, 42.50.Ct, 07.79.Fc
I. INTRODUCTION
Quantum plasmonics, the study of surface plasmons
(SPs) at the quantum level, is a promising framework for
building new technological platforms at the nanoscale.
As hybrid photon-electron states naturally confined
at a metal-dielectric boundary,1 SPs share fundamen-
tal properties of both their electronic and photonic
faces2 that are specifically modified in the quantum
regime. From the electronic side first, confinement and
hybridization can generate new cooperative electronic
states between two or more metal particles,3 whereas
in the contact plasmonic regime, the quantum nature
of the electron cloud can come into play.4 This will
impact on various applications such as surface enhanced
Raman scattering or non-linear optics that rely on a
tight control over dimensions and distances.4 Second,
the quantum optical face of the SPs, which is the main
focus of the present paper, draws a promising avenue
for quantum information processing or cryptography
in 2D, despite intrinsic limitations due to the finite
propagation length. The control over the particle-like
part of the SPs is a necessary prerequisite for quantum
transfer of information, which could lead to secure
information routing along metal nanowires as well as
qubit entanglement mediated by SPs.5–8
One key issue however is the preservation of quantum
coherence throughout the interaction of light with the
metal. Ohmic losses and metal roughness are known
to degrade the first-order coherence (fringe visibility)
of propagating SPs.9 To what extent this will affect
the second-order, i.e., quantum coherence, has so far
only been investigated in a few specific situations. For
instance, it has been shown that the photon correlation
in an entangled pair generated by parametric down-
conversion can be preserved after interaction with a
plasmonic hole array or metallic stripe waveguides.7,8,10
Other studies focused on the generation of single SPs
using single-photon emitters coupled to a nanowire11
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FIG. 1: Sketch of the experimental setup. The X100 oil im-
mersion objective is used with a matching oil of optical index
no = 1.46. The effective numerical aperture is NAeff = 1.35.
TL is the tube lens of the inverted microscope. The L and FL
(like Fourier lens) doublet lenses have the same focal length
7.5 cm and the L’ lens has a focal length of 15 cm. Planes 1
and 2 stand for the direct and Fourier space imaging modes
with the CCD (charge-coupled device) camera, respectively.
M is a switchable mirror used for selecting either the upper de-
tection path, that offers a direct imaging on a CCD camera, or
the lower detection path. The latter comprises a NSOM imag-
ing branch on an avalanche photodiode (APD), a Hanbury-
Brown & Twiss (HBT) interferometer for photon correlation
measurements, and a spectrometer for spectral analysis. A
plug-and-play selection between the three branches is ensured
by a multimode fiber in order to keep the same optimal con-
ditions during the whole study. A dichroic mirror DM and
a high-pass filter F cut the remaining excitation and spuri-
ous light below λ = 578 nm, which mostly comes from the
spurious tip and substrate emission.
or an antenna.12 It was found experimentally that the
antibunching dip in the second-order time correlation
of the single photon intensity is preserved even after
optical coupling through the plasmonic nanowire or
particle,13–16 although the depth of the antibunching
2dip is affected by the metal fluorescence.14 However,
these studies focused on single-crystalline metal struc-
tures obtained by bottom-up colloidal synthesis.9 For
technological applications, it is essential to obtain a
control over second-order coherence during the SP prop-
agation along less demanding polycrystalline structures,
manufactured using traditional top-down approaches
such as e-beam lithography of evaporated metal films,
where de-coherence can occur through enhanced Ohmic
losses or scattering at the grain boundaries in the rough
metal.17 The building block in this context would be
a quantum emitter coupled to a plain metal thin film.
Such a simple system should be able to support the
propagation of SPs over large distances and preserve the
second-order correlation of the quantum emitter. This
would open the door to integrated quantum plasmonics,
where the quantum source of light, patterned plasmonic
waveguides and other necessary devices18,19 will all be
integrated on a single chip.
In the present paper we study such a building block
by using a specially designed method that combines
near-field scanning optical microscopy (NSOM)2,20,21
with leakage radiation microscopy (LRM)22,23 in the
Fourier space and adapted spatial filtering. As quantum
emitters we consider nitrogen vacancy (NV) color
centers hosted in a diamond nanocrystal.24 Due to
their remarkable photostability at room temperature
and their large quantum efficiency, NV centers have
already demonstrated their potential in quantum plas-
monics12,14,15,25 and consequently form ideal candidates
for the present study. We consider here a single fluo-
rescent nanodiamond (ND) attached to the apex of a
NSOM probe26,27 that serves the purpose of a scanning
point-like quantum source of light. Our motivation, is
that the coherence properties of a single quantum source
of light can be studied in a single run just by positioning
this source in various environments with nanometer
accuracy in all three dimensions (one capability of
NSOM), i.e., in front of a gold film or in front of a silica
substrate. This mimics a quantum emitter integrated in
a final device. Moreover, the selected ND hosts a rather
large number of NVs, in practice five, which allows to
probe the coherence over many emitters at once. We
show here that this many-NV ND still preserves its
second-order coherence through the quantum plasmonic
channel, thereby opening promising avenues for practical
applications in integrated quantum plasmonics.
II. EXPERIMENTAL DETAILS
Preparation of the ND sample was achieved following
a procedure reported previously.28,29 To summarize,
commercially available diamond nanocrystals are first
irradiated using high-energy electrons, then annealed
at 800 ◦C to produce the fluorescent NV centers, and
finally annealed in air at 550 ◦C to remove surface
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FIG. 2: (a)-(b) LRM images in the Fourier plane taken be-
fore and after the ND grafting by the NSOM tip, respectively.
The white line in (b) is the crosscut direction analyzed in Fig-
ure 3(a). (c) LRM image in the direct plane taken after the
ND grafting. The small black circle at the center of the fig-
ure corresponds to the multimode fiber detection area with a
50µm diameter multimode fiber after correction for the mag-
nification of the setup (see text). The white line is along the
crosscut direction analyzed in Figure 3(b). (d) Same as (b)
with an optical mask placed in the Fourier plane. The yellow
circle crossing the SP ring corresponds to the detection area
with a 365 µm diameter multimode fiber. The scale bars in
(a), (b) and (d) correspond to NA = 1.
graphitic compounds. Colloidal dispersion in water
and further size selection allows obtaining a solution
of mono-dispersed NDs. We consider here NDs with a
typical size of 27 nm deposited on a 30 nm thin gold
film evaporated on a fused silica substrate. For some
measurements, part of the substrate is kept free from
metal. As a preliminary test, the NV fluorescence
is recorded using the scanning confocal mode of our
microscope to locate isolated NDs on the gold film (see
refs.24–27 for details). The principle of the plasmonics
experiment is sketched on Figure 1, details will be
commented in due place in the paper. In brief, we switch
our microscope in the NSOM mode and use a dielectric
NSOM tip.25–27 A laser light (wavelength λexc = 515
nm) falling within the absorption band of the NVs is
guided through the fiber to the tip apex where it excites
the NV fluorescence. This will later be used to launch
SPs in a gold film. The tip is then scanned over the
region of interest, in the vicinity of a single ND elected
for its brightness, and subsequently approached to the
surface to graft the ND for further analysis and quantum
plasmonics experiments. The grafting procedure has
been detailed previously.26 Below, we comment in detail
the different steps that demonstrate the conservation of
3the second-order coherence of SPs propagating along the
gold film.
III. LEAKAGE RADIATION IMAGING OF
SURFACE PLASMONS LAUNCHED BY SINGLE
QUANTUM EMITTERS
Our demonstration makes extensive use of the LRM
scheme.22,23 This far-field imaging method uses the abil-
ity of SPs propagating at the air-gold interface to leak
into the substrate by tunnel effect through the (suffi-
ciently thin) gold layer. Propagating SPs are charac-
terized by an in-plane wavevector KSP (λ) = K
′
SP (λ) +
iK ′′SP (λ), which is wavelength dependent and is a solu-
tion of an implicit dispersion relation.2,30 The real part
K ′SP (λ) can be written 2pinSP (λ)/λ, where we introduce
the SP effective index nSP (λ) & 1. Therefore, phase
matching at the different interfaces imposes the typical
angle ΘSP (λ) at which radiation leaks into the substrate
and we obtain30
n sin (ΘSP (λ)) ≃ nSP (λ) (1)
where n ≃ 1.46 is the optical index of fused silica.
Since ΘSP is larger than the critical angle ΘC ≃ 43.2
◦
(n sin (ΘC) = 1), LRM requires an immersion oil objec-
tive with NA > 1. LRM can be used to study the SP
propagation over long distances in the direct space. Ad-
ditionally, it can be used for imaging the leaky waves
in the Fourier or momentum space by recording the in-
tensity in the back focal plane of the objective.22,23 The
present optical setup allows the imaging of SPs either in
the direct or Fourier space with a CCD camera by simply
removing the Fourier lens (labeled FL in Figure 1).
Figure 2(a) shows an LRM image in the Fourier plane
obtained through the gold film prior to grafting the sin-
gle ND. Here the NSOM tip is maintained at a ≃ 20
nm height above the ND. Due to adapted spectral filter-
ing (Figure 1), the detected signal is essentially due to
the NV and gold fluorescence (this is confirmed by the
fluorescence spectra shown later on). The central spot
in Figure 2(a) corresponds to the fluorescent light emit-
ted in the ‘allowed’ cone below ΘC , whereas the ring-like
shaped distribution of intensity in the Fourier plane is
typical for the SP launching by the NVs and corresponds
to leaky spread at the angle ΘSP , i.e., in the ‘forbidden’
region of the Fourier space. This observation confirms
that the NV fluorescence emanating from a single ND
deposited on a gold film is able to launch SPs.25
Now, this very ND can be attached by the NSOM
tip following a scheme that we described previously.25–27
Once the ND attached, plasmonics experiments can pro-
ceed further with the NV-based tip acting as source of
light. The corresponding LRM images are shown in Fig-
ures 2(b-d). The Fourier-space image of Figure 2(b)
depicts the same general features as prior to the ND
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FIG. 3: (a) Intensity crosscut profile in the Fourier plane
taken along the white dashed line diameter shown in Figure
2(b). The red curve shows the theoretical SP intensity profile
for a transition dipole perpendicular to the metal film (see
text). The total theoretical intensity including the nonplas-
monic part of the signal is shown as the black curve. The
small peak on the right hand side is the detection cutoff at
NAeff ≃ 1.35. (b) Intensity crosscut profile in the direct
plane taken along the white dashed line diameter shown in
Figure 2(c). The red curve shows the theoretical SP profile
whereas the black curve includes the non-SP contribution as
well. The small shoulders at large distances are attributed to
the finite field of view of the microscope.
grafting. A SP circle is clearly visible with some inten-
sity anisotropy along the rim. This angular variation
amounts to a relative ratio (Imax − Imin)/Imax ≃ 0.53.
It is likely due to the multi-dipolar nature of the point-
like source that hosts several NVs (five, see below) and
therefore two or three times more transition dipoles.32
For completeness, we also show in Figure 2(c) an LRM
image obtained in the direct space. The SP propagation
is clearly visible as a diffused signal extending over sev-
eral tens of microns. Note that the bright spot at the
center of this image originates both from the plasmonic
signal and from the intense non-plasmonic light transmit-
ted directly through the thin metal film (allowed light).
Before probing the correlation, i.e. particle-like prop-
erties of the SP signals shown in Figure 2(b,c), it is worth
characterizing their wave-like properties through a quan-
titative analysis of the LRM images. For this purpose,
we show in Figure 3(a) a crosscut along the SP diameter
indicated by a dashed white line in Figure 2(b). From the
4SP peak position and using Eq. 1, we find the SP effective
index nSP ≃ 1.06−1.07 to be in close agreement with the
value nSP (λ) ≃ 1.05 extracted from the thin film disper-
sion in the spectral range of interest.30 The width at half
maximum of the SP peak in the Fourier space WSP (λ)
gives the inverse of the SP propagation length, which for
a monochromatic light reads30 LSP = (2K
′′
SP )
−1. Here
however, the NV emission is broad. Taking into account
this broadening, the theoretical width can be estimated
at 〈WSP 〉/K
′
SP ≃ 0.065, which is very close to the mea-
sured value WSP /K
′
SP ≃ 0.07. This implies propagation
lengths varying between LSP ≃ 1.5 and 3.5 µm in the
NV emission band.
Fig. 3(a) shows also the theoretical (normalized) SP
peaks30,31 obtained for a vertical dipole located at 20-
30 nm distance from the gold film (red curve). Similar
profiles are obtained for a horizontal dipole. It is worth
pointing out that this good agreement between experi-
mental and theory justifies our interpretation in terms of
SPs propagating mainly at the metal-air interface: SPs
propagating at the quartz-metal interface play no signif-
icant role and contribute only for a tiny fraction to the
background signal observed at the center of the Fourier
space image.30
The large background signal that dominates the al-
lowed light zone below ΘC is modeled by a Gaussian dis-
tribution. Clearly, the sum of both contributions (black
curve) is in very good agreement with the experimental
data. For completeness, we can also analyze the SP prop-
agation in the direct space along a crosscut as shown in
Figure 3(b). The experimental data are modeled with
the total image intensity after propagation through the
microscope (black curve). We add on the same graph the
asymptotic SP intensity profile20,22,30 (red curve) which
reads ISP (r) ∝ e
−r/LSP /r, where r is the distance be-
tween the in-plane observation point and the dipole po-
sition projection on the interface. By using the typical
propagation length ≃ 2.5 µm obtained in Fourier space,
a very good agreement is achieved, confirming therefore
the SP contribution to the observed signal in both the
direct and Fourier spaces.
IV. QUANTUM PLASMONICS AND SECOND
ORDER CORRELATION MEASUREMENTS
USING LEAKAGE RADIATION MICROSCOPY
The above analysis shows that we have a solid under-
standing of the wave-like behavior of leaky SPs launched
by the NV-based tip. It is worth emphasizing that leak-
age radiation is a coherent process in which the coop-
erative oscillations of the electron cloud on the metal
film add coherently to form a well defined SP ring in
the Fourier space.30 Therefore, the very good agreement
with theory tends to confirm that the first-order spatial
coherence of SPs is well preserved during the propaga-
tion along the film. This agrees with previous reports,
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FIG. 4: (a) Saturation curves of the emitted intensity ver-
sus excitation power at the tip apex for the NV-based NSOM
probe placed in front of the fused silica (red squares) and gold
(blue circles) parts of the sample, respectively. These data
are obtained in the direct and Fourier spaces, respectively.
Dashed curves are theoretical fits (see text).(b-d) Second-
order time-intensity correlation function g(2)(τ ) as a function
of the time delay τ between two consecutive detection events
in three different detection configurations: (b) fused silica
with detection in the direct plane; (c) same as (b) for the
gold part of the sample; (d) same as (c) but with detection
in the Fourier plane along the SP circle, see Figure 2(d). Red
and black curves in (b) and (d) are theoretical fits (see text).
see e.g. ref.33. In this context we also point out that
the broad fluorescence spectrum of the NV centers (see
Fig. 5) implies a theoretical first-order spatial coherence
of typically λ¯2/∆λ ≃ 4 µm, which is slightly larger that
LSP . This in part explains why the agreement between
theory and experiment is so good in Fig. 3 and subse-
quently confirms that the SP ring observed here is essen-
tially a first-order coherent effect.
We now turn to the particle-like behavior of SPs. For
this purpose, we use an HBT correlator24,34 to mea-
5sure the second-order time-intensity correlation function
g(2)(τ) versus time delay τ between two emitted SPs.
g(2)(τ) = P (τ |0)/P (0) measures the conditional proba-
bility per unit time P (τ |0) for recording a single photon
(plasmon) at time τ knowing than one has been previ-
ously recorded at time τ = 0 (P(0) is the constant sin-
gle photon detection rate).34 Figure 4(b) shows g(2)(τ)
recorded with the NV-based tip facing the fused silica
part of the sample. The antibunching dip at zero delay
seen in Figure 4(b) is characteristics for 2-level quan-
tum emitters. To analyze quantitatively this antibunch-
ing curve, we use the formula
g(2)(τ) = 1−
ρ2
N
e−γτ (2)
valid for a ND hosting N identical NV centers.25,36 Here,
γ = R + 1/T (R is the pumping rate, T the emitter
lifetime) and ρ = S/(S + B) (S is the NV fluorescence
signal, B the background intensity coming from the
incoherent tip and gold fluorescence). Clearly, it is this
lifetime T which could potentially be modified by the
metal environment, for example as a result of a change in
the local density of states in the vicinity of the interface
and an increase of radiative and non-radiative losses
related to intrinsic Ohmic processes and to dissipation
at the grain boundaries in the rough metal. Here, the
best fit (red curve) yields ρ
2
N = 0.18 and γ = 0.11
ns−1. To go further in the analysis requires knowing
the saturation behavior of the emitted power I(P ),
where I is the counting rate and P the excitation power:
see Figure 4(a) (red squares). We use the formula2
I = IsatP/(P + Psat) + ηP where Psat, Isat are the satu-
ration constants of the 2-level system and η a constant
parameter characterizing the spurious fluorescence. We
obtain Isat = 720 kHz, Psat = 0.34 mW and η = 80
kHz/mW. Moreover, up to a multiplicative constant, we
have S = IsatP/(P + Psat) and B = ηP . Hence, at the
working power P = 0.1 mW, where the antibunching
curve of Figure 4(b) has been recorded, we have ρ = 0.95.
From this, we obtain the number of NV centers hosted
by the elected ND to be N = 5. Additionally, in this
non saturated regime, R can be neglected and we deduce
Tsilica = 9 ns, in good agreement with the existing
literature.35
Figure 4(c) depicts the g(2)(τ) function recorded with
the NV-based tip facing the gold side of the sample.
No photon antibunching can be observed whatsoever.
However, concluding from this deceptive result that the
second-order correlation of the diamond tip would be
lost after propagation along the plasmonic film would be
erroneous. The real-space signal that is here analyzed
includes a large incoherent signal mostly due to gold flu-
orescence that masks the coherence of the useful signal.
This is confirmed by the spectral analysis of the involved
signals. Figure 5(a) shows the spectrum recorded in
the direct space for the NV-based tip placed in front of
the fused silica substrate. Clearly, this spectrum shows
the usual NV− (i.e. negatively charged NV) signature35
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FIG. 5: Fluorescence spectra for the NV-based NSOM tip
facing the fused silica substrate (a) or the gold film (b), both
acquired in plane 1, and for the NSOM tip facing the gold
film, but acquired in plane 2 (c).
which, in turn, is hardly distinguishable when the tip is
facing the gold film, as shown in the direct-space image
in Figure 5(b). In this last configuration, the detected
signal is dominated by the gold fluorescence, which is
also the reason for the intense central peak seen in the
Fourier space LRM images in Figures 2(a) and 2(b). In
addition, the detection area in the direct space, shown as
a small circle in Figure 2(c), is too small to discriminate
between the useful leaky SPs and spurious photons.
With the SP signal being delocalized over a large area
(see Figure 2(c)), i.e., outside of the fiber detection zone,
it is not possible to detect the NV fluorescence in this
configuration, which is mainly coupled to leaky SPs.
The above discussion appeals to working in the Fourier
space where spatial filtering can be applied to mitigate
the spurious signals. Adding an opaque disk of optimal
extension in the back focal plane of the microscope
masks almost entirely the allowed light, which has a
non-plasmonic origin, whereas the forbidden plasmonic
light is unaffected. This is confirmed by the filtered
LRM image in Fourier space shown in Figure 2(d)
compared to the unfiltered image of Figure 2(b). Now,
the detection area for spectral and photon-statistics
analysis can be properly positioned on the SP circle
to embrace the useful signal only. This is achieved by
using a large-core (365 µm) multimode fiber indicated
by the white circle in Figure 2(d). The effect on the
measured signal is dramatic as shown in Figure 5(c):
the NV spectral signature can be recognized, although it
is slightly distorted compared to the original spectrum
acquired in front of the silica substrate, possibly as a
consequence of the wavelength variation in the coupling
of the NVs with the SP modes.37
Working in the Fourier space places ourselves in a
comfortable position to probe the correlation properties
of the SP signal generated by the NV-based tip facing
the gold film. The HBT correlator is fed with the spa-
6tially filtered signal previously analyzed in the spectral
domain. The corresponding g(2)(τ) function, shown
in Figure 4(d), now clearly exhibits an antibunching
dip. Using the saturation curve shown in Figure 4(a)
(blue circles) and repeating the same analysis as before,
we obtain Isat = 740 kHz, Psat = 1 mW and η = 100
kHz/mW (see fit on Figure 4(a)). From ρ2/N=0.15 and
ρ = 0.87 we deduce N = 5 just as before, when the tip
was facing the silica substrate. This demonstrates that
all five NV centers contribute to the SP signal and that
the second-order coherence of the initial quantum source
of light is not altered by the SP conversion into the
gold film, despite the metal roughness. We also obtain
γ = 0.16 ns−1 which corresponds to a reduced lifetime
Tmetal ≃ 6 ns. This marginal reduction in lifetime, which
almost falls within the error bar40, could be ascribed to
the self-interaction of the quantum emitters close to the
metal, i.e. due to a modification of the local density of
states.38,39
Before concluding, it is worth stressing how powerful
working in the Fourier plane is. It has been shown that
Fourier filtering leads to strong image distortions in
the direct space.25,41 Therefore, working in the direct
space as shown in Figure 2(c), but with the Fourier
filter in place, would artificially reduce the depth of the
antibunching dip, thereby precluding to conclude about
the exact number of contributing NVs. This compli-
cation is avoided by working directly in the Fourier space.
V. SUMMARY AND CONCLUSIONS
To summarize, we have demonstrated for the first
time non-classical second-order antibunching g(2)(0) < 1
through a 2D plasmonic channel. This phenomenon is
the quantum counterpart of spontaneous emission in a
2D plasmonic environment. Within this context, LRM
plays a major role since it allows for monitoring both
the wave-like and particle-like features of quantum SPs
emitted by NV centers, thereby highlighting the funda-
mental wave-particle dualism of quantum plasmons. The
high first-order spatial coherence of SPs observed both
in the direct and Fourier spaces is a direct signature of
their wave-like nature. We plan in the future to study
more directly these coherence effects in double-slit-like
interference experiments involving SPs and NDs.
Finally, the second-order correlation properties of the
initial quantum source of light are found to be preserved
after SP propagation along a plain film. As a reward-
ing consequence, it is possible to envision designing
lithographically fabricated plasmonic devices for future
quantum information processing or cryptography at the
nanoscale. The unique potentialities offered by a NSOM
system to position very accurately a quantum emitter in
a complex plasmonic environment will be in this context
a precious advantage to study how this environment
modifies both the first- and second-order coherence of
the locally emitted photons.
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